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Abst ract - -A  solution to a nonlinear differential equation describing the operation of a dissipative 
hydraulic pendulum is analyzed numerically. It is shown that the motion of such a pendulum is 
of auto-oscillation character in the domain of kHz frequency range. The power developed by the 
oscillations of the pendulum is sufficient o remove obliteration layers of polar liquids. (~) 2001 El- 
sevier Science Ltd. All rights reserved. 
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1. INTRODUCTION 
It is known that the world of nonlinear phenomena is based on a pendulum, from which there is a 
way to turbulence and chaos. The nature of pendulums with discrete degrees of freedom is, as a 
Y rule, reversible. In this case, nonlinearity is introduced into the system by dissipative processes. 
The model of a nonlinear hydraulic pendulum proposed below is interesting, first of all, in that the 
characteristic frequency of oscillations and the nonlinearity are due to dissipative processes. The 
system described below can be represented by a local fragment of the fracturous-porous medium 
through which a liquid passes. It turns out that the pendulum under consideration can serve as 
a generator of acoustic oscillations of the kHz range localized in the area of a continuum. The 
kHz range of acoustic oscillations is interesting, first of all, by the fact that frequency oscillations 
of 10-30 kHz provide the removal of obliteration layers of polar liquids in the zone of contact 
with the imbedding medium [1]. Such an acoustic action results in an abrupt increase in the 
permeability of the system, which is of direct practical interest for many technological areas. 
The characteristic s ale of absorption of acoustic oscillations of the kHz range is, however, small. 
For this reason, the mechanisms of radiation of oscillations in the zone of obliteration media 
are of special interest. A dissipative hydraulic pendulum described below can serve as one such 
mechanism. Unfortunately, for the parameters of application interest, there exists no domain of 
their small value. Therefore, the computer is the main instrument for analysis of a nonlinear 
differential equation presented below. 
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Figure 1. 
2. NONL INEAR PENDULUM 
Consider the operation of a nonlinear hydraulic pendulum. The pendulum is a plane cavity 
filled with a liquid. A porous block is placed in the cavity so that a small gap is formed between 
the block and the walls (see Figure 1). 
For simplicity of analysis, we consider one crack located in the middle of the block. The field 
of gravity is absent. The motion of the block in this cavity can be described by the following 
nonlinear equation: 
m-~-  = 16~/R 4 + - (1) 
- -~-  ~p-Tk-~ 93 (2h H) 3"  
This equation should be supplemented by initial conditions H(t  = O) = Ho, [-I(t = O) = [-Io. In 
this equation, H -- H(t )  is the coordinate of the left edge of the moving block, 2h is the maximum 
travel distance of the block in the cavity; m = pb8R 3 is the mass of a block of density Pb; rl is 
the kinematic viscosity of the liquid; Q = const is the flow rate of the liquid; t is the time; 2R is 
the characteristic s ale of the block; Pl is the density of the liquid. 
To understand the derivation of equation (1), we calculate the force of friction acting on the 
moving block due to the liquid. An expression for this force can be obtained if a constant 
velocity -V  is provided by means of an external force. In the narrow gap h/R  << 1, a stationary 
motion of the fluid can be described by the following equations [2]: 
Ovx Ov~ 
o--; + -~v = o, (2) 
02vy = 10p (3) 
Ox 2 ~ Oy" 
Here v = (vz, v~) is the hydrodynamic velocity of the incompressible liquid, and p is the pressure. 
At y ~ 0, the following conditions must be satisfied: vx(x  = O) = O, vz (x  = H)  = -V .  
The domain y = 0 is a runoff zone. The condition of hydrophily can be written in the form 
Vy(X = O) = O, v~(x = H)  = O. It follows from equation (1) that 
fo x v~ = v(y - R) - (4) 3_ dx 
2Rpl ' 
and equation (2) makes it possible to write in the above approximation 
1 dp (x 2_xH). 
v~ - 2~? dy (5) 
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We obtain from (4) and (5) that 
12y[(2R_~ l ) V ] .  p = --~ + VR y - y2 
The integral over the surface of the block determines the force that acts on the block due to 
the liquid, 
3 Q 
Ft-H----- ~ 
Simultaneously, we should write for the right edge of the block 
16yR4 ( -V  3RQp)  
Fr= (2h--~)3 4 l " 
The sum of the forces F1 and F2 determines the total force of friction that acts on the block, 
which is represented in Newton's equation (1). 
3. AUTO-OSCILLAT IONS OF  THE PENDULUM 
If we chose the quantities R2/v and R (where v = ~/pl) as scales of time and coordinates, we 
obtain a nondimensional form of equation (1), 
pb 4 ~3 (6 -x )3  ' 
• (t = o) = ~o, ~(t  = o) = 50. 
(6) 
Here, 5 = 2h/R. It is evident hat x = 5/2 is  a point of dynamic equilibrium. For small deviations 
from the equilibrium ~ = x - 6/2, we have 
~-12PL (R)  4 (R)4~Q ~=0.  
-~b ~ + 9 VRpl (T) 
Equation (7) describes mall nonlinear auto-oscillations of the block in the gap near dynamic 
equilibrium. At sufficiently small velocities, from (7), we obtain the frequency of oscillations 
~=3 Q 
vRpb" 
The frequency measured in Hz is evidently determined by the formula 
~2v 3 ~ vQ 
Vgz = 2~rR 2 = 2r-h2 Rpb" (8) 
For typical physical values in the SI system of units h ~- 10 -4, R ~- 10 -1, v _~ 10 -4, Q ~ 0.08, 
pl ~- 1.0.103, Pb ~-- 2.0. 103, we obtain for frequency VHz ~-- 104 Hz. It is important hat 
the maximum values of the amplitudes of velocity oscillations at small oscillation velocities are 
determined by the initial velocity 50.  
A specific feature of the nonlinearity of equation (6) is a considerable increase in the amplitudes 
of oscillations at initial velocities that are comparable with the quantity 3Q/4vRpl. Fragments 
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Figure 2. The velocity of a block as a function of time for the values 3Q/4uRpl = 6.0, 
x0 = 0.001, 50 = 0.6, ~ = 0.002. The plot is compared with a standard function 
0.3. sin (lOSR2t/u). 
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Figure 3. The velocity of a block as a function of time for the values 3Q/4vRp~ = 6.0, 
xo = 0.001, 50 = 5.9, $ = 0.002. The velocity value of auto-oscillations of a block 
increases abruptly in comparison with Figure 2. 
of auto-oscillations (the numerical analysis) for ~o = 0.6 and ~o = 5.9 at 3Q/4vRpl = 6.0 are 
presented in Figures 2 and 3. 
The importance of this effect is due to an abrupt increase in the instantaneous power developed 
by the oscillating block 
W=f I (F r+F~)= R x - ~ + ~  x3 (~ -x )  3 • 
For the values of physical quantities pecified (see Figure 4), the instantaneous power can reach 
a value of W ~ 1600W and more. 
The action is of a impulsive character. This, in accordance with the experimental data, con- 
tr ibutes to an abrupt increase in the permeabil ity of porous blocks. It is shown in the experimental 
paper [1] that  under these conditions, the obliteration layer of polar liquid may be destroyed and 
completely removed. 
This viewpoint can be developed further only in the case if a mechanism of triggering of such 
auto-oscillations by a low frequency source (,-, 10 Hz) is found. The triggering mechanism must 
have the following feature: system (1) must be triggered by a constant force due to the action of 
the low frequency source, since the source frequency and the frequency t'Hz differ by three orders 
of magnitude and more. 
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Figure 4. The instantaneous power developed by auto-oscillations ofa block is pre- 
sented as a function of time for the values 3Q/4vRpl = 6.0, xo = 0.001, So = 5.99. 
Equation (6) has this feature if a constant force f acts on the block described by (6), we observe 
an exponential increase in the amplitude of the velocities of oscillations from zero to 3Q/4uRpt. 
Actually, if f is present, equation (6) is generalized as follows: 
5:__ f +2P_Ll ( _2+3v_~pl )  [1  1 ] 
- SpbU ---'-~ Pb 4 X ~ (5 --- Z) 3 " (9) 
Small oscillations ~ = x - & near the state of dynamic equilibrium & determined from the 
equation 
f = 3Q [1  1 
8pb V2 2uRpb L23 (6 -- 5:) 3 
are described by the equation 
6pbuQ 
This point of dynamic equilibrium is unstable, and it becomes possible to estimate the increment 
of instability. The increment of increase in oscillations (in Hz) is determined by the coefficient at 
the first derivative 
PJ  
Off ~ 
12pbQR" 
In a domain of velocity values approaching 3Q/4vRpt, the nonlinear effects become determin- 
ing, and the increasing amplitude of oscillation velocity in this domain becomes infinite in t ime 
<< 1/w (see Figure 5). The block goes to the right wall. 
R ° 
- -H  
V 
. . . . . .  .,,.AIAAAAAAA 
. - -  ,,~,.{d~Milv v 5 w/R2 
-2 
-4 
Figure 5. The amplitude of oscillations of a block is presented as a function of time in 
the presence of a constant external force for the values 3Q/4uRpz = 6.0, xo = 0.001, 
xO = O, f/8pb v2 = i0 s. 
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Figure 6. The power of an oscillating block as a function of time in the presence 
of a constant external force for the values 3Q/4vRpt = 6.0, xo -- 0.001, 5co -- 0, 
f /8pb v2 = 106. 
The numerical solution to equation (9) presented in Figure 5 corresponds to initial values 
Xo = 5/2 -~ 0.001, ~o = 0.0, and 3Q/4vRpt  = 6.0. We assume now that  the force f is due 
to drainage processes, i.e., depends on the difference between the velocities of the oscillating 
block and the liquid flowing through it. The power of the oscillating block reaches 1 kW/m 2 (see 
Figure 6). One should expect that  this force will vanish after the block leaves the domain of 
stable oscillations and the system returns to the initial state. After this, the process is repeated 
again. It  is clear that  the frequency of this process is ~ w < v. There is experimental evidence [3] 
that  such an action of acoustic oscillations on the process of breaking the bond between the polar 
liquids and the surface of pore channels is highly effective. Thus, the dynamics of a fragment of the 
fracturous-porous medium presented here imitates the process of transformation of low-frequency 
oscillations into oscillation of sonic frequencies in a kHz range. 
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